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Introduction tions. The primary disadvantage is that enormous
[2] In September 1998 a campaign called the Multi-amounts of computer time and memory are required. Instrument Stratosphere Troposphere (MIST) experiment See Werne and Fritts [1999 Fritts [ , 2001 for details.) wasIconstrument S sPeru. ATrombination (Mremote sensing This is a rather complete package analogous to prior was conducted in Peru. A combination ofcote wing work by Klostermeyer and Rzdster [1980, 19811 but measurements and in situ observations, coupled with a with much improved computer capability over the past state-of-the-art numerical simulation, was used to under-25 years. stand the dynamical instability of the upper troposphere. The Jicamarca radar provided remote radar sensing, balloon instrumentation provided the in situ data, and a 2. Campaign Description pseudospectral direct numerical simulation (DNS) of the [3] The MIST campaign was conducted at the Jicamarca Kelvin-Helmholtz instability (KHI) provided the simula-VHF radar site located near Lima, Peru. The radar measuretion results. (A direct numerical simulation is one that ments were conducted from dusk to near midnight each does not attempt to model small-scale turbulent motions, night. Every evening, two or three balloons were launched but instead must compute them directly. The primary from the site with a thermosonde system. Below, we briefly advantage of this approach is that the solutions are not describe the radar and thermosonde systems (for more dependent on unverified turbulence-modeling assump-details, see Chen [2001] ).
[4] The Jicamarca VHF radar operates at -,50 MHz and is a 288-m x 288-m array antenna. The array is composed generate each oblique beam with two diagonal quarters noise floor of the thermosonde corresponds to an RMS of the orthogonal polarization. This configuration temperature difference of 0.0020. The thermosonde system changes the beam shape from circular to elliptical with was suspended about 100 in below the balloon to ensure a minor axis of -,-0.8' in the direction of the tilting and that the turbulent wake from the balloon did not affect the -1.50 in the orthogonal direction. Since the neutral measurements. atmospheric echoes are polarization independent, there is no cross talk among the signals and the measurements 3. Data Presentation are independent.
[6] The thennosonde system consists of two parts, both
[8] Figure I shows three snapshots of the atmosphere of which are mounted below a meteorological balloon. One over the Jicamarca Radio Observatory (JRO) obtained by part is a standard Viiisalii digital GPS microsonde, which balloon-borne instruments on the evening of 8 September makes excellent height-resolution measurements of the 1998. Balloons with the thermosonde system described standard thermodynamic parameters (pressure, temperature, above were launched at 1830, 2005, and 2143 LT and and humidity) and the horizontal wind velocity (wind speed required ,-40 min to reach 13 km. The lower panels show and direction). The meteorological data are recorded every the two wind components, while the top panels show the 1.4 s, giving about a 10-m height resolution, and the wind potential temperature profile. The winds reveal a large-scale data are recorded every 2 s, giving about a 15-m height shear of ,-3 km deep and a clear -,.500-m oscillation that resolution. The data are carried on the 403-MHz telemetry contributes substantially to the local shear rate. At 1830 and signal from the radiosonde. A meteorological balloon is 2005 LT, the temperature profiles are characterized by a used to lift the instrument package with an ascent rate of combination of gradual increases and several sharper steps about 5 mis.
in the shear flow region. By 2143 LT, the steps seem to be [7) The second part consists of a turbulence sensor. This coalescing into two larger steps at around 12 km, each about sensor measures the root-mean-square (RMS) temperature 1 km deep. The large-scale shear is still strong. (We should difference between two unheated, fine-wire tungsten probes caution the reader that because of a nonzero mean wind, the (3.5 lim diameter) separated horizontally by I m. An evolution implied by the observations actually results from analogue instrument performs RMS averaging of the tem-a combination of temporal evolution and spatial variability perature difference. The output of the RMS chip is sampled of the observed layer as it drifts overhead. Nevertheless, this and transmitted every 1.4 s by the radiosonde. The RMS effect is reduced for the layer reported here because of the average is computed with a 3.75-s time constant; for a 5 m/s fortuitous centering of the layer near the radar site (see ascent rate, this means an average over 15 m. Finally, the Figure 1) [9] In Figure 2 we show continuous radar data taken on width began to broaden near I I km and individual layers of the same day (8 September 1998). From top to bottom, the ,,500-m vertical scale are seen to apparently combine into panels display spectral width from the vertical beam, signal-a single layer. Over the next 3.5 hours the turbulent to-noise (S/N) ratio from the west beam, and the S/N from region broadened dramatically, stretching from 9 to 13 km the vertical beam. Strong signals near and below 9 km are by 2320 LT when the radar time allocation ended. caused by ground clutter from nearby mountains. Develop-[io] There is clear evidence for what we believe is ment and merging of instability events is best seen in the top the resulting 3-km-deep mixing layer the next day (i.e., panel, which shows the spectral width of the signal. This 9 September 1998). The balloon soundings for 9 September width is due to turbulent broadening of the signal as are presented in Figure 3 , along with the radar S/N for the turbulence moves the echoing features in the beam range-whole period. We have added a plot of C,2, the refractive gate volume (roughly 300 x 300 x 150 m). Beam broad-index structure function coefficient derived from Cr, the ening is due to changes in the Doppler shift induced by temperature structure function coefficient measured by the differences in U -R where CJ is the background wind and R balloon-bome probes [Coulman et al., 1995; Walters, 19951. is the radar line of sight, which varies within the beam. This The dashed line is the measured value, and the solid curve is effect is negligible at Jicamarca, given its very narrow beam a 300-m boxcar average, which mimics the radar range width [e.g., Chau et al., 2000] . At 1940 LT, the spectral resolution. Humidity is negligible (<1%) in the height range where we have good radar data (10 km < z < 22 kin). The the shear is significantly reduced. C2 peaks at the edges of two arrows indicate strong radar returns from the steep the temperature step, consistent with KHI simulations positive gradients in the potential temperature. The temper-[Werne and Fritts, 1999 Fritts, , 2001 Fritts and Werne, 2000] trates the initial mean potential temperature gradient (and demonstrating the relevance of the simulations to atmoconsequently the resulting Cý and 6T peaks) near the edges spheric turbulence dynamics. of the active region. [13] It is noteworthy that independent of the pathway to the mature state of a well-developed single mixed layer 4. Analysis and Interpretation (e.g., through layer merger as in Figure 3 or single KHI evolution as in Figure 5 ), important aspects of the C.
[ni] The gradient Richardson number (Ri) for the initial profiles appear to be universal. For example, the ratio of profile on 8 September is plotted in Figure 4 , along with the the Cý peaks at the edges of a mixed layer to the midlayer wind speed and potential-temperature profiles from which it value is 0(10) (see Figure 3 ). This ratio is an important was derived. Ri is defined as Ri = A 1 2 /(dUldz) 2 where N 2 is quantity because it describes the source of CQ variability due the square of the Brunt-Vsiils frequency and dU/dz is the to wind shear in the atmosphere. The DNS solutions exhibit shear of the wind magnitude, U. If one uses the mean similar values for this ratio, ranging from 10 to 15 for 50% gradients apparent in the left and center panels for the height of the active lifetime of the simulated KH layer. range 9-12 km (e.g., d0/dz ;z 2 K/km, dU/dz ; 0.01 s-1), [14] The time during which the layers are active is Ri is estimated to be approximately 0.57. Hence the large-markedly different between the simulated and the observed scale layer is dynamically stable. Note, however, that the layers. While the simulated layer undergoes restratification right-hand panel reports several nearly periodic excursions and relaminarization after 100 to 130 (LIAU) advection time below Ri = 0.25, each of which occupies roughly half of units (here L is the full layer depth and AU is the velocity the 500-m wavelength evident in the wind profiles, difference across the layer), the observed layer remains well Collectively, these Ri dips comprise roughly 25% of this formed 24 hours after layer initiation and exhibits no sign of height range. We believe these excursions may result from a turbulence subsidence and the consequent restratification. large-amplitude inertial gravity wave that has induced an This time span is equivalent to 620-1240 (L/AU) advection oscillation in the wind fields and alternately enhanced and units, where the ambiguity in the time results from the weakened the layer stability.
factor-of-2 difference in AU at the beginning and end of the [a2] A pseudospectral direct numerical simulation (DNS) observing period. One possible explanation is that the layer of the KHI has been performed [Fritts and Werne, 2000 ; is maintained by continuous forcing of the observed mixing Werne and Fritts, 1999 Fritts, , 2001 . It is relevant to a single layer by gravity waves, since the simulated KHI amounted wind shear layer, like the seven or eight that are evident in to a rundown experiment with a low-Ri initiation but with Figure 4c before they merge into the large mixing layer no subsequent forcing applied to continually feed the shown in Figure 3 . Such isolated mixing layers are dynamics. common throughout the troposphere and stratosphere, but
[is] Of course, separate from layer forcing is the comthey are more likely to evolve relatively independently of peting action of layer decay. Several processes can act to their neighbors (i.e., without multilayer mergers) in the limit a mixing layer's longevity, e.g., radiative damping, more stable stratosphere. For this reason we compare the eddy diffusion, and natural evolution of the stratification DNS results first with large (67) temperature steps ob-and wind-shear environment in which the layer resides. We served in the stratosphere during these flights. Figure 5 briefly consider each of these processes below. shows this comparison and demonstrates that the potential-
[16] First, we investigate infrared radiative damping as temperature profiles for the simulated and observed layers a mechanism to damp out the edges of the potentialare nearly identical. Other comparisons [Werne and Fritts, temperature step and bring such a temperature perturbation 2000] further validate the DNS against atmospheric turbu-back to radiative equilibrium. Fels [1982] computed the lence measurements (e.g., second-order structure function radiative damping time as a function of height, assuming that constants, spectral slope, and turbulence inner scale), the vertical wavelength of the temperature perturbation is 5 of 7 Figure 5 . Comparison between the balloon-measured potential temperature from 8 September 1998 and potential temperature profiles calculated via the DNS technique. The dashed lines are the measured profiles; the red solid lines are the DNS profiles. The DNS data are averaged horizontally over a region of area 9 x 9 m, and over 9 m in the vertical direction.
smaller than the scale height. In the upper troposphere, Fels Radio Observatory, Peru [Chau el al, 20001, and the [1982] reports a time constant of 0.05 day-' for a 300-m-Arecibo Observatory, Puerto Rico [Cornish and Larsen, deep layer, so a structure such as we observed clearly can 1989; Cho, 1995] , show persistent structures with slow survive for the observed periods against radiative cooling, vertical phase velocities. The Arecibo observations were [171 Second, we explore eddy diffusion. Using the radar interpreted as inertial period waves with horizontal scales spectral width corrected for beam broadening, peak values exceeding 3000 km [Cornish and Larsen, 1989 ; Cho, of E 1 mW/kg are indicated by the 9 September data (not 1995]. The inertial period at Jicamarca is even longer than shown). Berfin et al [1997] suggest an eddy diffusivity over Arecibo, some 58 hours, so very little vertical motion given by D, = e/(3N 2 ). Using the DNS solutions, we have is expected. Therefore one interpretation is that the persisverified this expression by evaluating D,)(1)/o9z = -(wO), tence of the observed structures is the result of a coherent which we found to hold during intermediate and late stages layer that extends horizontally for thousands of kilometers. of evolution when the mixing layer is mature. Here O(7)/Oz An alternate interpretation is that the observed structures are is the mean temperature gradient, -({w) is the eddy heat forced by an orographically driven wave field. As such, flux due to turbulent fluctuations, and Dr is evaluated by persistent synoptic-scale motions could create a near steady computing c exactly, using the numerical solution's velocity state condition that continues to force a mixing layer. derivatives. Using a value of e = I mW/kg for the obser-Indeed, the fact that Figure 1 indicates relatively weak vations and N 2 = 4.0 x 10-4 (rad/s) 2 , which we deduced initial stratification in the height range of 9-12 km suggests from the potential temperature gradient, yields a typical we have witnessed the rejuvenation of a deep fossil mixed value of D, 0.833 m 2 /s. The edge of the temperature step layer by an internal wave field. Seemingly, the only way to has a scale length of the order of 300 m. Estimating the distinguish between these competing interpretations is to lifetime (TI) of a turbulent eddy of scale size I by /21D, we obtain nearly simultaneous observations over a wide horifind T, to be about 30 hours. zontal extent.
[is] Finally, we address how we can even discuss such a long timescale when the atmosphere is constantly in motion.
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